L.; Bliss, 1983a, 1983b; Schettini et al., 1987) and cucumber (Cucumis sativus L.; Owens et al., 1985) . Tanksley and Nelson (1996) proposed a similar approach called advanced backcross QTL analysis in which materials are advanced to the BC 2 or BC 3 generations with only minimal culling before mapping QTL and implementing markerassisted selection. Backcross breeding is expected to be useful for programs using unadapted donor varieties because of the rapid reduction of the donor parent germplasm (Sullivan and Bliss, 1983b; Tanksley and Nelson, 1996) .
An important quantitatively inherited trait of maize (Zea mays L.) is resistance to Fusarium ear rot, caused by Fusarium verticillioides (Sacc.) Nirenberg (teleomorph Gibberella moniliformis Wineland). Fusarium verticillioides infects maize in many parts of the world (Van Egmond et al., 2007) , but is most severe in warm, dry climates like those found in the southeastern United States and lowland tropics. In addition to damage from rotten kernels, F. verticillioides and related species F. proliferatum (Matsushima) Nirenberg produce the mycotoxin fumonisin, a suspected carcinogen (Gelderblom et al., 1988; Prelusky et al., 1994; Miller, 1994; Ehrlich et al., 2002) that contaminates the grain. Fumonisin contamination causes a number of animal diseases (Colvin and Harrison, 1992; Ross et al., 1992; Morgavi and Riley, 2007) , human diseases, and birth defects (Hendricks, 1999; Missmer et al., 2006) . Treatment of grain for food and feed consumption to remove fumonisins is not always economically feasible and cultural practices that reduce fumonisin levels in grain are often impractical or logistically diffi cult to implement in areas where fumonisins are most problematic.
Ear rot and fumonisin contamination are distinct aspects of the disease, with fairly low phenotypic correlations, but high positive genetic correlations in both partially and highly inbred lines (Robertson et al., 2006) . Resistance to both Fusarium ear rot and fumonisin accumulation is quantitative in nature, and no sources of complete resistance have been identifi ed for either trait (Munkvold and Desjardins, 1997) .
Whereas ear rot can be scored fairly rapidly with a visual rating scale, measuring fumonisin content requires high performance liquid chromatography or enzymelinked immunosorbent assay (ELISA). Sample preparation is expensive, time consuming, and labor intensive for both of these analyses. Robertson et al. (2006) reported moderate to high entry mean heritabilities for both fumonisin contamination (0.75) and Fusarium ear rot (0.47) in the GE440 × FR1064 (GEFR) population, suggesting that phenotypic selection against ear rot should be an eff ective way to improve resistance to both ear rot and fumonisin contamination in backcross-derived lines. Although fumonisin concentration is more heritable than resistance to Fusarium ear rot (Robertson et al., 2006) and response in fumonisin levels to indirect selection is predicted to be less eff ective than direct selection, indirect selection on the basis of ear rot is much less expensive and time consuming. Therefore, selection against ear rot susceptibility is a potentially more economically effi cient method of producing maize lines with decreased fumonisin content.
The goal of this research was to test if backcross breeding using unadapted germplasm as a donor parent is an eff ective strategy for improving quantitative disease resistance in maize. The donor parent used was GE440, an older public inbred line with poor yield potential and limited range of adaptation, but with high levels of resistance to Fusarium ear rot and fumonisin contamination (Clements et al., 2004; Robertson et al., 2006 , Robertson-Hoyt et al., 2006 . The recurrent parent was a commercially important but more susceptible proprietary line, FR1064. Specifi c objectives of this study were to test the following hypotheses: (i) that backcross breeding will prove to be an eff ective way to introgress quantitatively inherited traits from unadapted donor material into elite germplasm, (ii) that selection for reduced ear rot will result in lines with greater resistance to both ear rot and fumonisin accumulation, (iii) that selection for improved ear rot resistance in inbred generations will result in favorable indirect responses in topcross generations of selected lines, and (iv) that donor parent alleles at markers linked to previously identifi ed Fusarium ear rot and fumonisin contamination resistance QTL will be recovered more often than expected by chance in selected lines.
MATERIAL AND METHODS

Population Development
Inbred GE440 (derived from the open-pollinated variety Hasting's Prolifi c) is relatively tall and highly susceptible to lodging and produces small white-seeded ears. It was identifi ed by Clements et al. (2004) as conferring a relatively high level of resistance to Fusarium ear rot and fumonisin contamination in topcross to the susceptible commercial inbred line FR1064 (an improved B73 type). Dr. Don White (University of Illinois) developed a set of 215 families derived from the fi rst backcross (BC 1 ) generation of GE440 to recurrent parent FR1064, followed by one generation of self-fertilization (BC 1 F 1:2 lines; Fig. 1 ). Robertson et al. (2006) evaluated these families under artifi cial inoculation with F. verticillioides and F. proliferatum in replicated trials in four environments. The 10 BC 1 F 1:2 families with lowest mean fumonisin content identifi ed in these trials were selected for additional backcrossing to FR1064. A modifi ed single seed backcrossing method was used to advance the 10 BC 1 F 1 lines with seed that exhibited lowest mean fumonisin content (Robertson et al., 2006) to the BC 4 F 1 generation (Fig. 1) . In this method 10 backcrossed ears were harvested from each BC 1 F 2:3 family and two seeds were chosen from each ear to create a balanced BC 2 F 1 bulk of 20 seeds per family. Each of these bulks was planted in a single row and backcrossed to FR1064 the following season; 10 backcrossed ears were harvested from each row (BC 2 F 1 family) and the process repeated. A balanced remnant bulk was also created each generation. No intentional selection was applied during these backcrossing steps. Four hundred fi fty-fi ve BC 4 F 1 families were created in the BC 4 generation. Each original BC 1 family was represented at least once in the BC 4 generation. form a control BC 4 F 2 unselected bulk. A random sample of 360 seeds of this bulk was advanced to the BC 4 F 3 generation and bulked to serve as a control for selection evaluation experiments.
Field Evaluation of BC 4 F 1:3 Backcross Derived Lines
To determine if selection for Fusarium ear rot resistance in advanced backcross lines resulted in lines with greater ear rot resistance and reduced fumonisin accumulation, selected BC 4 F 1:3 lines and the unselected control BC 4 F 3 bulk were evaluated under artifi cial inoculation for ear rot and fumonisin content in 2007 and 2008. Seventy-nine BC 4 F 1:3 lines, the population parents (GE440 and FR1064), the two inbred lines used to make the single cross tester used in hybrid evaluations (FR615 and FR697), and a random BC 4 F 3 control bulk of the population were evaluated in two environments (Central Crops Research Station and Peanut Belt Research Station) in the summer of 2007. The random BC 4 F 3 control population bulk was included as an entry seven times per replication to make a total of 90 entries per complete replication. Two replications were evaluated in each location with entries arranged in a 10 by 9 α-lattice.
The trial was modifi ed in 2008 ( Fig. 1) to contain only the 20 best BC 4 F 1:3 lines based on mean ear rot from the 2007 trial, fi ve BC 4 F 3:4 sublines randomly selected from each of the top
Field Evaluation of BC 4 F 1 Families
Selection against susceptibility to Fusarium ear rot was conducted among the 455 BC 4 F 1 families generated by the backcrossing program. The 455 BC 4 F 1 families were evaluated at two locations (the Central Crops Research Station in Clayton, NC, and the Peanut Belt Research Station in Lewiston-Woodville, NC) in the summer of 2006. In addition to the 455 BC 4 F 1 s, the recurrent parent, FR1064, was added fi ve times, to bring the total number of entries to 460. The experimental design was a 20 by 23 α-lattice with two replications, with a single replication planted in each location. The α-lattice was then augmented by adding FR1064 to each block in a random position to bring the total number of experimental plots to 483. At both locations plots were single-row plots 3.05 m in length, with 0.965 m between plots in Clayton, and 0.914 m between plots at Lewiston-Woodville. Plots were overplanted and thinned to a uniform density of 23 plants per row, resulting in population densities of 65,100 plants ha -1 at Clayton and 68,750 plants ha -1 at Lewiston.
Inoculation Technique
Inoculation methods were described by Robertson et al. (2006) . Three isolates of F. verticillioides (ISU95082, ISU94445, and ISU94040) and three isolates of F. proliferatum (310, 37-2, and 19) were cultured separately on potato dextrose agar (Fisher Scientifi c, Pittsburgh, PA). Conidia were collected by washing the cultures with distilled water, loosening conidia by brushing with a paint brush, straining the suspension through cheese cloth, and diluting the conidia suspension of the six isolates to approximately 2 × 10 6 mL -1 in water. Two inoculations were conducted 7 d apart to reduce escapes and simulate common methods of natural infection. A silk channel inoculation 10 to 14 d post mid-silk was followed by a direct ear inoculation 7 d later. On-site station managers monitored fl owering time at the outlying locations to ensure appropriate timing of inoculations at those locations. Direct ear inoculation is intended to insert the pathogen between the husks and kernels and usually results in damaging very few (0-2) kernels (Clements et al., 2003) .
The primary ear of the fi rst 10 plants in each row at Lewiston-Woodville, and the fi rst 15 plants in each row at Clayton was injected with 5 mL of 2 × 10 6 conidial suspension using a 5-mL Allfl ex draw-off injection syringe (Allfl ex Inc, Dallas, TX) fi tted with a 16-gauge needle with a fi led-down point. One drop of undiluted Tween-20 was added to each liter of inoculum suspension to break the surface tension of the suspension.
Ear rot was scored as percentage of kernels exhibiting kernel rot or infection symptoms per ear; 10 ears were scored per row, and the 20 families with lowest mean ear rot scores were selected for advancement.
Advancement to BC 4 F 1:3 Generation
Four self-pollinated ears (each representing a BC 4 F 1:2 line) were harvested from each of the 20 selected families, except one family that had only three selfed ears available for advancement. Each line was advanced in bulk to form 79 BC 4 F 1:3 lines, which were evaluated as lines per se and as topcross hybrids using a common single-cross tester FR615 × FR697 (Fig. 1) . At the time selections were made, one kernel was also collected from each of four self-pollinated ears from all 455 BC 4 F 1 families to four BC 4 F 1:3 s from the previous year, the population parents, and the random BC 4 F 3 control repeated seven times in each replication. Entries were tested in two replications at the same two locations in a 7 by 7 α-lattice.
The BC 4 F 1:3 line, GEFR402-3-7-5-1, was included in the fi eld trial but dropped from the analysis in 2007 and 2008, and its sublines were dropped in 2008, because it had a red cob and therefore was likely contaminated. This reduced the number of originally evaluated BC 4 F 1:3 lines to 78 and number of BC 4 F 3:4 sublines to 16.
Field Evaluation of Topcross Hybrids
The 79 BC 4 F 1:3 lines were topcrossed to the commercial nonStiff Stalk single cross F 1 tester FR615 × FR697, and topcross yield trials were performed to assess hybrid performance of backcross-derived lines. In 2007 the 90 entries included topcrosses of the 79 BC 4 F 1:3 families (including the one contaminated line) and the population parents, GE440 and FR1064, to FR615 × FR697. The topcross tester (FR615 × FR697) itself was included as a check. A random bulk of BC 4 F 3 seed, advanced in each generation without evaluation for ear rot, and topcrossed to FR615 × FR697, was included six times in each replication as a repeated control. Two commercial hybrids, Pioneer brand 31G66 and 31G98, were also included as checks. 31G98 is a 117 comparative relative maturity (CRM) hybrid that was recently popular in North Carolina that exhibits average Fusarium ear rot resistance and average staygreen, while 31G66 has a 118 CRM, exhibits fast dry-down and some tolerance to Fusarium ear rot.
In 2008, entries were limited to hybrids of the 19 best lines based on mean ear rot scores from the previous year, the topcrossed parents, and the check entries [Pioneer 31G66, Pioneer 31G98, FR615 × FR697, and fi ve entries composed of the topcrossed GEFR Random BC 4 F 3 bulk; Fig. 1 ]. The topcrossed random BC 4 F 3 bulk was later dropped from analysis in 2008 because the wrong tester had been used when increasing the seed. The topcross of GEFR402-3-7-5-1 was dropped from the analysis in 2007 and 2008 because the line was contaminated.
The experimental design to evaluate yield and ear rot under inoculated and noninoculated conditions was a split-plot design with two replications within each environment. The whole plot factor was genotype and the subplot factor was inoculation treatment. Each whole plot consisted of six 3.66-m rows of a common genotype planted 0.94 or 0.97 m apart. Whole plots were randomized across replications as a 5 by 6 lattice design. Plots were overseeded and thinned to target population densities in the two rows of each subplot for mechanical harvest (62,288 plants ha -1 in Clayton, Plymouth, and Jackson Springs, NC, or 65,750 plants ha -1 in Lewiston, NC). Subplots consisted of three rows which were assigned an inoculation treatment: inoculation with F. verticillioides or noninoculated. Ten ears from the outer rows of each whole plot (one from each subplot) were hand-harvested, dried, and scored for percent ear rot. The inner four rows (two rows of each subplot) were mechanically harvested to measure grain yield and grain moisture. Border rows were not needed to separate inoculated and noninoculated plots, because F. verticillioides spreads very little from plant to plant during the growing season (Yates and Sparks, 2008) .
Inoculation Technique-Hybrids
The inoculation protocol used for hybrid evaluation trials was the same as that used when conducting selection with the following exceptions. Six isolates of F. verticillioides (NC-i6, NC-i7, NC-i9, NC-n16, NC-n17, and NC-n22) were collected from maize in North Carolina and deposited with the Fusarium Research Center collection (http://frc.cas.psu.edu/). Only plants in the inoculation treatment whole plots were inoculated. The fi rst 12 primary ears in the rows designated for hand-harvest were inoculated, while all primary ears were inoculated in the rows of inoculated topcross subplots designated for mechanical harvest.
Fusarium spp. isolates can lose prolifi cacy and virulence over time when grown in culture (Nelson, 1992) . Low levels of Fusarium ear rot and fumonisin levels observed in the 2006 evaluation of BC 4 F 1 families and other studies conducted in that year suggested that this likely occurred in the isolates used. To determine if a change in isolates was needed, infected kernels were collected from 12 inoculated ears and 12 noninoculated ears exhibiting Fusarium ear rot symptoms at harvest in 2006. One isolate from each kernel was identifi ed and tested for prolifi cacy (spore count) and fumonisin production. Since all fi eld isolates exhibited superior performance to the isolates originally used, six new isolates were selected based on their superior prolifi cacy and higher fumonisin production levels when cultured on corn kernels (Eller, 2009) . No strains of F. proliferatum were included in the new isolates because no F. proliferatum isolates were positively identifi ed from the fi eld.
Phenotypic Data Collection-BC 4 F 1:3 Backcross-Derived Lines
Stand count was recorded 4 to 6 wk after planting, and plots were not thinned. Silk date was recorded when half of the ears in each plot had reached 50% silk emergence. Anthesis date was recorded when approximately 50% of the pollen in the plot had been shed. Plant and ear heights were recorded after grain fi ll to the nearest 5 cm. Plant height was measured to the height of the fl ag leaf, and ear height was measured at the node from which the ear emerged. Phenotypic data were collected at all growing locations with the exception of silk and anthesis dates for each line, which were recorded at Clayton, NC only. Primary ears of the fi rst 12 plants per row that were inoculated were hand-harvested and air-dried to approximately 140 g kg -1 moisture. Individual ears were visually rated for the percentage of kernels displaying visible symptoms of Fusarium ear rot. Ear rot ratings were estimated to 5% increments. In 2008, ears with less than 5% ear rot were given scores of 0, 1, or 3%. After rating, ears were shelled and a subsample of shelled grain was ground on a Romer II Series Mill (Romer Labs, Union, MO). A 20-g sample of ground grain was weighed out and tested for fumonisin content (μg g -1 ) using Diagnostix fumonisin ELISA assay kits (Diagnostix, Mississauga, ON, Canada).
Phenotypic Data CollectionTopcross Hybrids
Phenotypic data were collected on the hybrids using the methods described for the backcross-derived lines, with the following exceptions. Stand counts were taken as described previously following thinning to target planting densities. The row designated for hand-harvest in each subplot was not thinned. When all plants reached physiological maturity, two rows of each subplot (representing the center four rows of each whole-plot) were mechanically harvested to collect grain moisture and yield data. Lodging data were collected just before harvest on the mechanically harvested rows; the number of plants in each plot exhibiting root lodging (leaning more than 30% from vertical) or stalk lodging (with a stalk broken below primary ear or with a dropped primary ear) were recorded separately and later summed and reported as percent erect plants, or percentage of the stand count that did not exhibit lodging.
Ten primary ears were hand-harvested from the outside row of each whole plot, air-dried, and rated for ear rot. Handharvested ears from each inoculated subplot were shelled after rating and a subsample of shelled grain was ground and assayed for fumonisin content (μg g -1 ), while ears from noninoculated subplots were discarded after rating.
Statistical Methods-BC 4 F 1:3 Backcross-Derived Lines
PROC MIXED in SAS Version 9.1.3 (SAS Institute, Cary, NC) was used to analyze percent ear rot, fumonisin content, fl owering time, plant height, and ear height data on the backcross-derived lines. A standard model with fi xed genotypes and random location, replication, and incomplete block eff ects was used on the full dataset for each trait. This model was compared to a model with heterogeneous error variances within each environment, and a heterogeneous errors model weighted by number of ears rated (when appropriate). The best model was selected based on Akaike's Information Criterion (Akaike, 1974) . A heterogeneous errors model weighted by the number of ears scored was the best model for ear rot. A heterogeneous errors model with no weighting was the best model for fumonisin. The standard model was used for plant and ear height and fl owering time. Pearson's correlation coeffi cients among genotype means across all locations for diff erent traits were estimated using PROC CORR.
The ESTIMATE statement in PROC MIXED was used to test the null hypotheses of no signifi cant diff erences between the parental lines, between the 78 BC 4 F 1:3 lines advanced from the selected BC 4 F 1 s and each parent, and between the 78 BC 4 F 1:3 lines and the control random BC 4 F 3 bulk. The ESTIMATE statement was then used to test the null hypotheses of no signifi cant diff erences between the parental lines, between the 19 BC 4 F 1:3 lines selected after the 2007 trial and each parent, and between the 19 selected lines and the control random BC 4 F 3 bulk.
Statistical MethodsComparison of BC 4 F 1:3 s to BC 4 F 3:4 Sublines
Data from the 2008 season, in which four sublines of the four BC 4 F 1:3 s with the lowest ear rot were grown, were used to test for variation within and among the BC 4 F 1 lineages. Checks were removed from the dataset and analysis of variance was conducted using the MIXED procedure in SAS. Two models were analyzed. The fi rst model excluded the sublines and analyzed the 19 tested BC 4 F 1:3 lines as fi xed eff ects, and location, replication within location, incomplete block, and location × mother line as random. This model was used to test the null hypothesis of no variation among the 19 BC 4 F 1:3 lines. The second model excluded the BC 4 F 1:3 line data and included only the fi ve BC 4 F 3:4 sublines randomly chosen from the four most ear rot resistant BC 4 F 1:3 mother lines. This model treated mother-line lineage and sublines within mother lines as fi xed, and location, replication within location, incomplete block, location × mother line, and location × subline within mother line as random. This second model was used to test the null hypotheses of no variation among the four selected mother line lineages and of no variation among sublines within mother-line lineages.
Statistical Methods-Topcross Hybrids
A mixed model analysis of variance was conducted on the topcross hybrid dataset combined across the 2 yr of testing using ASReml Version 2.0 software (Gilmour et al., 2002) . Genotype, treatment, and the genotype × treatment interaction were considered fi xed eff ects, and environment, environment × treatment interaction, environment × genotype interaction, environment × treatment × genotype interaction, replication, and incomplete block eff ects were random. A model with heterogeneous error variances among environments was compared to a model with homogeneous error variance for grain yield, grain moisture, ear rot, and fumonisin, and the best model for each trait was selected based on Akaike's Information Criterion (Akaike, 1974) . In each case, models including heterogeneous error variances were selected. Very high significance was observed for genotypic variation for fl owering time and height traits with homogeneous error variance models, so more complicated models were not tested for those traits. Contrasts were used to test the null hypotheses of no signifi cant diff erences between the topcrossed parents, between the BC 4 F 3 random control and topcrosses of the 78 BC 4 F 1:3 lines, the FR1064 topcross and topcrosses of the 78 BC 4 F 1:3 lines, the BC 4 F 3 random control and the 19 selected BC 4 F 1:3 lines, and between the FR1064 topcross and the 19 selected BC 4 F 1:3 line topcrosses.
A correlation between the magnitudes of residual and predicted values was observed in the original ear rot data. Square root and natural log transformations were compared and the square root transformation was used because it most eff ectively eliminated the dependency of residual values on predicted values.
Inheritance of QTL Regions
To test the null hypothesis that selection for ear rot had no eff ect on the allele frequency of markers fl anking QTL for ear rot and fumonisin content, DNA from the 78 selected BC 4 F 1 s was analyzed at DNA markers fl anking the Fusarium ear rot and fumonisin contamination resistance QTL regions mapped by Robertson-Hoyt et al. (2006) in the BC 1 F 1:2 generation of this same population. Leaf or root tissue was collected and bulked from eight plants in each of the 79 selected BC 4 F 1 s, and the GEFR population parents (GE440 and FR1064). DNA was extracted from ground tissue using Invitrogen Charge Switch (invitrogen.com) or an alcohol/ salt DNA precipitation method adapted from Mogg and Bond (2003) . The 33 simple sequence repeat (SSR) markers identifi ed by Robertson-Hoyt et al. (2006) as fl anking ear rot resistance and/ or fumonisin accumulation resistance QTL (Table 1) were assayed using the polymerase chain reaction method (Senior et al., 1998) . Polymerase chain reaction amplifi cation products were separated by electrophoresis on 4% (v/w) SFR agarose gels (Amresco, Solon, OH). Gels were stained with 0.05% (v/w) ethidium bromide and exposed to ultraviolet light to fl uoresce DNA.
Null hypotheses of random inheritance of alleles were tested separately for each marker locus linked to a previously identifi ed QTL. For each marker, the test was conducted only on those lines descended from a heterozygous BC 1 parent. According to the null hypothesis of no selection for QTL alleles conditional on a heterozygous BC 1 parent, GE440 alleles should be present in 50% of the BC 2 progeny, 25% of the BC 3 progeny, and 12.5% of the BC 4 generation. This null hypothesis was tested for each marker with the observed data from BC 4 -derived lines at each marker with a chi-square test. Expected values were dependant on the number of progeny descended from the parent groups segregating for each marker.
RESULTS AND DISCUSSION
Evaluation of BC 4 F 1:3 Backcross-Derived Lines
The mean Fusarium ear rot of 455 BC 4 F 1 families evaluated in the 2006 selection experiment ranged from 10.0 to 37.2% with an overall population mean of 17.2%. The 18 selected BC 4 F 1 families exhibited an average of 12.0% (SE = 2.6%) ear rot compared to a mean of 18.2% ear rot exhibited by the recurrent parent FR1064. The selection diff erential for ear rot was 5.2% for ear rot, and selection intensity was 0.04. Heritability on an entry mean basis for ear rot was only 31% in the 2006 selection experiment due to relatively low mean levels of ear rot observed and limited replication.
Analysis of variance of the inbred line per se evaluations in the 2007 and 2008 seasons revealed signifi cant QTL effect estimated as the difference between homozygous FR1064 genotypes and heterozygous GE440/FR1064 genotypes in the GEFR population. Effects of ear rot resistance are reported in percent rotten kernels, and effect estimates of fumonisin as back-transformed data to approximate their original value of micrograms per gram. ‡ Positive effects refer to GE440 as the origin of the benefi cial allele, and negative effects refer to FR1064 as the benefi cial allele.
genotype main eff ects for ear rot (P = 0.001), fumonisin content (P = 0.002) plant height (P = 0.0001), ear height (P = 0.0001), and fl owering time (P = 0.005 for anthesis date and P = 0.01 for silk date). The recurrent parent FR1064 exhibited 26 percentage points greater ear rot and accumulated 33 μg g -1 more fumonisin than the donor parent GE440. FR1064 was also 0.65 m shorter and fl owered about 7 d earlier than GE440 (Table 2) .
On average, the 78 BC 4 F 1:3 lines had 12 percentage points greater ear rot than GE440 (P = 0.0008), but 13 percentage points less ear rot than FR1064 (P = 0.0005; Table 2 ), but were not signifi cantly diff erent from FR1064 for other inbred traits. The mean of the 78 BC 4 F 1:3 lines was not signifi cantly diff erent from either parent for fumonisin content. The 78 BC 4 F 1:3 lines had on average 10 percentage points less ear rot than the unselected BC 4 F 3 control (P = 0.0004), but exhibited no signifi cant diff erences from the control for fumonisin content, plant height, ear height, or fl owering time ( Table 2) .
The 19 selected lines chosen after the second round of truncation selection based on the 2007 season data had 8 percentage points greater ear rot than GE440 (P < 0.05), but 18 percentage points less ear rot than FR1064 (P < 0.001; Table  2 ). It is not surprising that the backcross lines did not exhibit the high level of ear rot resistance displayed by GE440 because the BC 4 F 1:3 lines are still segregating at any disease resistance loci they may have inherited from GE440. In addition, since ear rot resistance is quantitatively inherited, it would be unlikely to recover resistance alleles at all QTL that confer ear rot resistance in GE440. The 19 selected lines accumulated an average of 23 μg g -1 less fumonisin than FR1064 (P < 0.05), but 10 μg g -1 more than GE440 (P = 0.30). These selected lines did not diff er signifi cantly from FR1064 in plant height, ear height, and fl owering times (Table 2) . Thus, the backcrossing program achieved much of its primary practical objective to obtain lines with improved resistance to Fusarium ear rot and fumonisin accumulation while recovering the FR1064 phenotype for other agronomic traits.
The 19 selected BC 4 F 1:3 lines were compared to the random BC 4 F 3 control bulk for each trait of interest to test the null hypothesis that selection among BC 4 F 1 families had no eff ect. Selected lines exhibited less ear rot than the control (14.3%, P < 0.0001), and also accumulated lower levels of fumonisin (14.0 μg g -1 , P = 0.056; Table 2 ). There were no signifi cant diff erences between the selected lines and the BC 4 F 3 controls for plant and ear height, or silk and tassel date. These results suggest that selection for reduced Fusarium ear rot resulted in a trend toward improved resistance to fumonisin accumulation, but with only limited eff ectiveness.
Comparison of BC 4 F 1:3 Lines and BC 4 F 3:4 Sublines
Analysis of variance based on only the 19 selected lines in the BC 4 F 1:3 generation grown in 2008 showed signifi cant variation among lines for fumonisin (P = 0.05), plant height (P = 0.002), ear height (P = 0.0002), silking date (P = 0.02), and anthesis date (P = 0.005), but not for percent ear rot (Table 3) . When variation was partitioned among and within the four selected BC 4 F 1:3 mother lines that were represented in the 2008 evaluation by four BC 4 F 3:4 sublines each, signifi cant main eff ects were revealed among mother lines for plant height (P = 0.01) and ear height (P = 0.01), but not for percent ear rot, fumonisin content, or either measure of fl owering time (Table 3) . Within-mother line variation was signifi cant for percent ear rot (P = 0.03) only (Table 3) . As expected, less variation was observed among the 19 BC 4 F 1:3 lines for traits under selection (ear rot and fumonisin), than for traits that experienced limited selection pressure. Less variation was observed among the best four lines than among the best 19 as expected due to the smaller sample size and as a result of undergoing truncating selection for ear rot based on mean values from the 2007 evaluation environments. The variation observed among sublines within mother lines for ear rot suggests that additional progress could be made from selection within lines, which should be segregating at disease QTL at which they inherited alleles from GE440.
Topcross Hybrid Evaluation
Signifi cant genotypic variation was observed for Fusarium ear rot, grain fumonisin content, grain yield, grain moisture, erect plants, and plant height in the topcross hybrid trial (Table 4) . No signifi cant genotype main eff ects were observed for ear height or days to fl owering. Signifi cant inoculation treatment eff ects for genotypes were detected only for grain yield and ear rot (Table 4) . No significant genotype × inoculation treatment interactions were revealed for any of the traits observed (Table 4) . FR1064 topcrosses exhibited greater grain yield (0.5 Mg ha , P = 0.002), and lower plant height (−0.26 m, P < 0.001) than the GE440 topcross on average across treatments (Table 5) . Under inoculation, the FR1064 topcross had greater Fusarium ear rot and fumonisin content than the GE440 topcross (Table 5) .
The 78 BC 4 F 1:3 topcrosses were agronomically superior to the random BC 4 F 3 control topcross, with greater grain yield and lower grain moisture, but no better for disease resistance (Table  5 ). The subset of 19 selected topcrosses exhibited the same relative performance as the initial set of 78 topcrosses (Table 5) . Thus, two generations of selection among inbred lines resulted in signifi cant improvement in ear rot resistance and nearly signifi cant improvement in fumonisin contamination resistance observed in inbred lines per se, but not in topcrosses of those lines. Nonsignifi cant trends of improved resistance for ear rot and fumonisin content were observed in topcrosses, but these results suggest that evaluation and selection among topcrosses will be necessary to make signifi cant gains from selection in topcross performance for Fusarium ear rot resistance and fumonisin contamination. These results suggest that, while the initial selection of 10 BC 1 families to initiate the backcrossing program was eff ective at indirectly improving topcross disease resistance, later cycles of selection among advanced backcross progenies were not eff ective.
Although diff erences among topcrosses for fumonisin content were not signifi cant, several individual lines were identifi ed that performed well as both inbreds and hybrids (Table 6 ). Additional evaluations of these lines as topcrosses to multiple testers to evaluate their combining ability for yield and disease resistance is warranted.
Inheritance of QTL Regions
Thirty-three SSR markers that fl ank QTL for ear rot and fumonisin content were identifi ed in the BC 1 generation of this population (Robertson-Hoyt et al., 2006) and were genotyped in the 78 selected BC 4 F 1:3 lines studied here. The 78 lines selected in the BC 4 F 1 generation are off spring of 9 of the original 10 selected BC 1 lineages. One marker (phi001) was not reproducible in the BC 4 generation, and three markers were fi xed for the recurrent parent allele across all lineages (bnlg1811, umc1134, and umc1594; Table 7 ). Across the 78 BC 4 F 1:3 lines, marker loci at which the GE440 amplicon was most frequently inherited were umc2280, bnlg2244, and dupssr6 with 27, 26, and 24 BC 4 F 1:3 lines carrying the GE440 allele at these loci, respectively (Table 7) .
The null hypothesis of random inheritance of alleles was rejected at nine markers at P < 0.001 (Table 7) . Robertson-Hoyt et al. (2006) identifi ed seven SSR markers F-tests for variation among all 19 BC 4 F 1:3 lines, among the four BC 4 F 1:3 mother lines whose BC 4 F 3:4  sublines were included in the trial, and among the 20 sublines evaluated in two locations in associated with QTL for both rot and fumonisin; at fi ve of these, GE440 alleles were recovered at signifi cantly higher frequency than dictated by random chance (P < 0.001). These markers are located in bins 2.08, 4.03, 4.09, and 5.05 and the GE440 allele at each of these QTL was estimated by Robertson-Hoyt et al. (2006) to reduce ear rot by 3.2, 2.6, 3.1, and 3.1 percentage points, respectively, and fumonisin content by 4.0, 2.6, 3.3, and 5.8 μg g -1 , respectively. Four SSR markers associated only with fumonisin variation (Robertson-Hoyt et al., 2006) were also inherited at significantly higher frequency than dictated by random chance (P < 0.001). Three of these markers are closely linked to the ear rot and fumonisin content (measured on  inoculated plots) and grain yield, grain moisture, and fumonisin content (average across inoculation treatments) of GE440 ×  FR1064 (GEFR) BC 4 F 1:3 lines topcrossed to FR615 × FR697 and evaluated in four locations in 2007 and ear rot QTL in bins 4.03, and 4.09. The marker dupssr06 (P < 0.001) is located near a fumonisin content QTL in bin 9.02 (where the GE440 allele was estimated to reduce fumonisin content by 1.83 μg g -1 by Robertson-Hoyt) . The ear rot QTL with the largest eff ect detected previously by Robertson-Hoyt et al. (2006) (located in bin 1.02 with GE440 allele eff ect of reducing ear rot by 6.08%) is fl anked by phi001, the marker we could not reproduce, and bnlg1953, which deviated signifi cantly (P = 0.01) from random inheritance. The largest-eff ect fumonisin QTL was also in this region (bin 1.03, at which the GE440 allele reduced fumonisin content by 5.27 μg g -1 ), fl anked by phi001 and bnlg1811, both of which also deviated from the expectation of random inheritance (P = 0.05). Table 7 . Recovery of donor parent (GE440) alleles in selected BC1-derived lines at simple sequence repeat (SSR) markers fl anking quantitative trait loci (QTL) identifi ed previously in the BC1 generation by Robertson-Hoyt et al. (2006) . IBM bin position, trait affected by QTL, number of BC1 founder families that were segregating at a locus, and number of BC1 lineages still segregating in the BC4 generation at the locus are presented for each tested SSR locus. For both the initially selected set of 78 BC4-derived lines and the set of 19 lines resulting from two generations of selection against ear rot the excess number of BC4-derived lines carrying the GE400 allele over the number expected in the absence of selection, and the chi-square value associated with this excess are presented for each marker is displayed. In the subset of 19 selected BC 4 F 1:3 lines, 11 markers linked to ear rot or fumonisin contamination QTL exhibited signifi cant deviations from random inheritance (P < 0.05; Table 7 ). GE440 alleles at these loci are present at frequencies higher than expected due to random chance in the group of 78 BC 4 F 1:3 lines as well (Table 7) . Fewer marker loci were detected with signifi cant deviations in the subset of 19 selected lines compared to larger set of 78 lines because of lower power for detection due to smaller sample size.
The selected 19 lines varied widely for the number of GE440 alleles carried at the surveyed SSR markers. The BC 4 F 1:3 line GEFR399-2-10-4-1 contained GE440 alleles at 11 markers, while GEFR400-9-9-3-3 contained GE440 alleles at only two. The markers at which GE440 alleles occurred in the most lines were dupssr34 and umc2280, at which 10 and 9 lines inherited the GE440 allele, respectively. These two loci also carried the highest frequencies of GE440 alleles across the 79 selected BC 4 F 1:3 lines. The subset of 19 selected lines inherited the recurrent parent allele at a higher frequency than all 80 lines. In addition to bnlg1811, umc1134, and umc1594, the recurrent parent allele has been fi xed at markers umc1193 and umc1355.
The three markers that were segregating in the BC 1 generation but were fi xed for the recurrent parent in BC 4 F 1:3 s (bnlg1811, umc1134, and umc1594) are located in bins 1.03, 7.02, and 3.09, respectively. All three markers were fl anking fumonisin QTL. The additional two markers that were fi xed for the recurrent parent in the 19 selected lines (umc1193 and umc1355) are located in bins 7.02 and 5.03, and were also fl anking fumonisin QTL. This may suggest that indirect selection for lower fumonisin content is not strong enough to maintain these alleles in the population. Another possibility is that the resistant QTL alleles may still be maintained in the population but cannot be tracked because of recombination between the fl anking markers and QTL at these loci in previous generations.
It is possible that lines inheriting GE440 alleles at more loci would have reduced agronomic performance than lines with fewer donor alleles. Our results do not indicate such as relationship, however. For example, GEFR399-2-10-4-1, which carried GE440 alleles at 11 loci, performed well in both inbred and hybrid studies (Table 6) for ear rot resistance, had low levels of fumonisin in inbred trials, and was not signifi cantly diff erent than the FR1064 topcross for grain yield, fl owering time, plant height, or ear height.
CONCLUSIONS
Is backcrossing a good strategy for improving elite lines for quantitative traits in general? Results reported here demonstrate the eff ectiveness of a backcrossing program for improving quantitatively inherited disease resistance traits, which are strongly infl uenced by the environment. Through backcross breeding, we were able to improve an important commercial inbred line, FR1064, for ear rot and fumonisin contamination resistance without significantly lowering its yield potential, even with the use of a donor line with poor agronomic potential.
Following one generation of selection on advanced backcross-derived lines, gains were observed for the primary trait of interest in advanced inbred generations. Following two generations of selection, we improved per se performance for ear rot resistance and reduced fumonisin accumulation in the 19 selected lines without signifi cantly aff ecting important agronomic characteristics such as plant height, ear height, or fl owering time compared to the recurrent parent, FR1064. The 19 selected lines were also signifi cantly more resistant to ear rot under inoculated conditions than the FR1064 topcross without exhibiting signifi cant reductions in topcross grain yield or other agronomic traits. Several individual lines were recovered that were not statistically diff erent from GE440 for ear rot or fumonisin content as inbreds or from the GE440 topcross for ear rot (Table 6 ). These lines exhibited topcross yields comparable to the FR1064 topcross, although they were not competitive with commercial check yields. Thus, from a practical standpoint, the backcrossing method was eff ective at improving quantitative disease resistance in an elite commercial line using an unadapted donor parent.
Gains from selection were clearer following two combined generations of inbred line selection than the fi rst generation of selection in the BC 4 F 1 generation alone. These results underscore the need to evaluate quantitative traits across multiple environments. Selection in the fi rst generation was less eff ective at reducing fumonisin levels because the selection environment was not representative of a target environment conducive to the development of Fusarium ear rot. The low mean level of Fusarium ear rot in 2006 permitted only limited expression of variation for disease resistance. The use of a single replication at only two environments, necessitated by the large population size and limited seed quantities available, was not suffi cient to provide highly heritable mean disease resistance scores.
Was selection against susceptibility to Fusarium ear rot eff ective at indirectly reducing susceptibility to fumonisin contamination? Results on this point were mixed. Two generations of selection for ear rot resistance combined were eff ective at indirectly reducing fumonisin levels in advanced inbred generations compared to unselected controls at P = 0.056. Further, the selected lines were signifi cantly more resistant to fumonisin contamination than the recurrent parent.
Did selection for improved inbred line disease resistance result in correlated gains in topcrosses? No significant diff erences were observed between the selected and unselected topcrosses, indicating that the desired gains in topcross performance were not achieved by selection for inbred per se disease resistance. Eller et al. (2009) observed a similar result when comparing topcrosses of lines with divergent levels of Fusarium ear rot and fumonisin contamination as inbreds per se. They hypothesized that the use of tester hybrid FR615 × FR697 was a major factor limiting the expression of variation for disease resistance, because inbred line FR697 has a relatively high level of resistance (not signifi cantly diff erent from GE440 in inbred trials). When the susceptible line FR1064 was used as a topcross tester for non-Stiff Stalk lines, signifi cant variation has been observed among topcrosses (Clements et al., 2004) .
Finally, were GE440 alleles recovered more frequently than expected by chance at markers linked to previously identifi ed Fusarium ear rot and fumonisin contamination QTL? Selection among inbred lines appeared to significantly increase the recovery of GE440 alleles at a number of previously identifi ed resistance QTL regions, including the most important QTL identifi ed in the BC 1 generation of this same cross. This result confi rms the importance of these QTL for conferring disease resistance and indicates the eff ectiveness of phenotypic selection for enhancing frequencies of favorable alleles at QTL.
